ABSTRACT Attempts to establish Cotesia flavipes Cameron (Hymenoptera: Braconidae) in Louisiana sugarcane Þelds to control the sugarcane borer, Diatraea saccharalis (F.) (Lepidoptera: Crambidae) have been unsuccessful. Experiments were conducted to investigate the feasibility of using an alternative larval host and host plants to overcome barriers preventing establishment. In addition, we evaluated C. flavipesÕ ability to search for D. saccharalis in sugarcane without above-ground internodes. Diatraea evanescens Dyar (Lepidoptera: Crambidae) was investigated as an alternative host for C. flavipes. Cotesia flavipes was reared for Þve generations on D. evanescens without any indication of diminishing Þtness as measured by days to parasite pupation and average cocoon mass weight. However, there was a signiÞcant reduction in percent parasitism, cocoon mass weight, and percent emergence when C. flavipes parasitized D. evanescens as compared with D. saccharalis, resulting in a 75% reduction in the gross reproductive rate (R 0 ). Greenhouse studies indicated little difference in parasitism of D. saccharalis on the weed hosts johnsongrass, Sorghum halepense (L.), and vaseygrass, Paspalum urvillei Steud. However, when planted as refuge plots, we found it difÞcult to establish infestations of D. saccharalis in either of these hosts, or in two energy sugarcanes. After 3 yr of infesting host plants and releasing parasitoids only one parasitized D. saccharalis larvae was recovered within the johnsongrass refuge. Diatraea evanescens readily established in vaseygrass; however, these larvae appear inaccessible to C. flavipes. In contrast, parasitism of D. saccharalis by C. flavipes infesting young sugarcane was 30%.
The sugarcane borer, Diatraea saccharalis (F.) (Lepidoptera: Crambidae), is an important pest of sugarcane, Saccharum spp., in the United States (Long and Hensley 1972) , as well as rice, Oryza sativa L., maize, Zea mays L., and sorghum, Sorghum bicolor (L.) . Although the red imported Þre ant, Solenopsis invicta (Buren) (Hymenoptera: Formicidae), is the principle biological control agent of D. saccharalis in Louisiana, accounting for 90% of the total biotic mortality (Hensley 1971a ), numerous attempts have been made to introduce a number of parasitoids (Bennett et al. 1990 ) in hopes of developing a more robust biological control component. Currently, only Lixophaga diatraeae (Townsend) (Diptera: Tachinidae), Alabagrus stigma (Brullé ) (Hymenoptera: Braconidae), and Trichogramma spp. (Hymenoptera: Trichogrammatidae) can be found in Louisiana sugarcane Þelds parasitizing larvae or eggs of the sugarcane borer (White et al. 2004) . Encouraged by successes in Florida, Texas, and throughout the New World to establish the parasitoid Cotesia flavipes Cameron (Hymenoptera: Braconidae) we have made several unsuccessful attempts to do so in Louisiana (White and Reagan 1999) .
Our lack of success in establishing C. flavipes in the Louisiana sugarcane ecosystem is not particularly surprising as only Ϸ10% of introduced (biocontrol) species succeed and many of these species gradually diminish and disappear (Turnbull 1967) . Stiling (1993) reviewed case histories of 119 biological control-agent release failures and listed 14 potential reasons that were thought to be the cause of these failures. Among those reasons listed by Stiling that we consider the most relevant in explaining our lack of success with establishing C. flavipes are climate, lack of synchronization, lack of alternative hosts, and predation by native fauna.
Climate is most often considered the reason for failure to establish C. flavipes and other parasitoids in Louisiana. In Louisiana sugarcane is grown between latitudes 29Њ and 31Њ N placing it in a temperate climatic zone where periodic freezes are encountered.
Biological control agents imported from tropical regions are thought to be poorly adapted to this temperate habitat. However, evidence derived from the successful application of refuges suggests that C. flavipes is able to overwinter with its D. saccharalis host and therefore survive the winter months (White et al. 2004 ). In addition, we routinely place our D. saccharalis into diapause as a cost saving practice for yearround colony maintenance (White 2008) . While developing procedures to produce diapause in D. saccharalis, we also stung many of these larvae before diapause. In 2007, 20% of parasitized and diapaused larvae successfully produced parasites after later being brought out of diapause. In 2008, 16% of D. saccharalis stung and diapaused produced parasites (W.H.W., unpublished data). More detailed study is required to establish if the parasitoid does actually enter a diapause state, but our data do suggest that a mechanism does exist for the parasitoid to survive an extended period of time (Ϸ4 mo) in a quiescent state.
From our research evaluating the use of refuges for establishing C. flavipes, we instead suggest that a lapse in synchrony in host plant development and the parasitoidÕs ingress and sting searching strategy is the main reason for failure in establishment (White et al. 2004) . Sugarcane stalks infested with D. saccharalis that have not formed above-ground internodes lack cues associated with a tunnel, such as frass and silk that are important in C. flavipesÕ host Þnding and host acceptance. Above-ground internodes of sugarcane can only be found in Þelds from June until the end of December or early January when harvest is completed (Fig. 1) . In January and February the above ground part of the sugarcane crop is dormant or dead having been killed back by freezing temperatures. At this time D. saccharalis is in a state of facultative diapause (Katiyar and Long 1961) surviving the winter in underground stubs and stalks. As soil temperatures warm, below ground buds germinate and the new crop begins to develop, but above-ground internodes will not be present again until June.
Failure in establishing C. flavipes because of lack of synchronization is further exacerbated by the lack of alternative hosts during the periods when D. saccharalis is not available to the parasitoid. Alternative prey or hosts can be important for maintaining polyphagous enemies during times when the target pest numbers are low (Eikenbary and Rogers 1974, Stiling 1993) . One way to promote alternative prey or hosts to bridge the period when target prey are not available and increase the success of a biological control agent is by manipulating the habitat (Altieri et al. 1977 , Altieri and Letourneau 1982 , Landis et al. 2005 . For example, Pfannenstiel and Unruh (2003) increased parasitism of an apple lead roller by planting mixed gardens of rose and strawberries that served as hosts for the strawberry leafroller during times when an apple lead roller was not available. However, this type of habitat manipulation has yet to be evaluated in the Louisiana sugarcane agroecosystem.
Results are reported herein from a study conducted to quantify the efÞciency of parasitism of D. saccharalis by C. flavipes in young sugarcane. That is, sugarcane before the formation of above-ground internodes. This study was initiated to test our hypothesis that the failure to establish C. flavipes is because of a lack of synchronization because C. flavipes is a poor searcher in young sugarcane. Results also are presented from three studies investigating the feasibility of overcoming this constraint by using an alternative larval host and host plants to establish C. flavipes. The Þrst study was conducted to evaluate D. evanescens as an alternative host for C. flavipes. In the second study, greenhouse experiments investigated C. flavipesÕ ability to parasitize D. saccharalis larvae on two noncrop grass hostsÑjohnsongrass and vaseygrass. In the third study we evaluated johnsongrass, vaseygrass, and two energy sugarcanes planted in small refuges and infested with D. saccharalis or D. evanescens with the thought that they would serve as over-wintering habitat for C. flavipes.
Materials and Methods
Parasitism and Searching in Young Sugarcane by C. flavipes. Young sugarcane is deÞned as cane having tillers emerging from subterranean buds, but before above-ground internodes become present (e.g., the apical meristem is still below soil surface). This crop stage exists in Louisiana sugarcane at three times: 1) in the late summer when sugarcane cut as a ÔseedÕ source for planting a new crop-cycle has regrown, 2) when the newly planted sugarcane germinates and before it is frost killed, and 3) in the spring when winter-dormant buds germinate and regrow. Young sugarcane is susceptible to infestations by Þrst generation borers in the spring and by fourth and Þfth generations in the fall. Neither of these infestations is thought to cause economic damage and control measures are not recommended.
The ability of C. flavipes to parasitize D. saccharalis in young sugarcane was evaluated by releasing parasitoids into cages placed over sugarcane tillers that were naturally infested with D. saccharalis in the fall or spring. These cages were constructed using 2.5-cmdiameter PVC tubing as a framing material and formed into an elongated tent fashion. The cages were 183 cm long, widening to 53 cm at the base, and 71 cm high. This frame was covered in cloth that was sealed around the edges with Þeld soil. We were not always able to record the sugarcane cultivar as the majority of the Þelds where we placed cages were in grower Þelds, and it is difÞcult to determine the sugarcane cultivar at this early stage of growth. We simply required at least 183 cm of sugarcane row with a sufÞ-cient number of deadhearts present to warrant placing a cage. For this study stand density averaged 2,200 tillers ha Ϫ1 and deadhearts averaged 280 ha
Ϫ1
. We used the same procedures as White et al. (2004) for releasing parasites into cages. Brießy, 350 cocoons (0.25 g of cocoons ϫ 1360 cocoons g Ϫ1 ) were placed in a cardboard envelope (6 cm by 4 cm) and the envelope was placed into a paper bag suspended from the PVC frame. Holes were punched into the envelope and paper bag with a hole-punch to allow parasitoids to escape. The cages were removed approximately a week later and tillers showing a deadheart were harvested by cutting the tiller below the apical meristem. Larvae within these tillers were removed and placed on diet. The percentage of larvae collected from the cages that were parasitized was calculated. Cages were placed into sugarcane Þelds in 2003, 2006, and 2008 .
Evaluation of D. evanescens as an Alternative Host for C. flavipes. Diatraea evanescens was evaluated as a host of C. flavipes by comparison to D. saccharalis. A colony of D. evanescens was established in 2007 from larvae collected from vaseygrass. Larvae were reared using procedures similar to those methods used by Davis et al. (1990) . The D. saccharalis rearing media (Southland Products, Lake Village, AR) required a quantity of freeze dried vaseygrass at a ratio of 1:5.5 (vaseygrass:dry diet mix) to stimulate feeding by neonate larvae. Although D. evanescens was roughly half the size of D. saccharalis, we found that developmental times for each stage were similar (e.g., days for egg hatch, pupa formation, and adult emergence) (W.H.W., unpublished data). However, we do not know the number of instars required by D. evanescens for larva development.
Parasitism was achieved by placing sixteen 2-wk-old larvae (Ϸ third instar) into a 65-by 65-by 95-mm Magenta Vessel (Sigma-Aldrich, St. Louis, MO) and exposing them to 32 mated C. flavipes females for 6 h. Superparasitism was not considered a problem as Smith et al. (1993) exposed sugarcane borer larvae for 25 h with no mention of this behavior. Both stemborer species were handled similarly. After exposure to parasitoids, larvae were removed and placed into 32-cell rearing trays (Andex Industries, Escanaba, MI) containing Ϸ8 ml of diet in each cell. The trays were then sealed with a sheet of permeable plastic lidding material (Oliver Products, Grand Rapides, MI) and placed into the insectary where the temperature was kept at 25.5ЊC, 50 Ð70% RH, and a photoperiod of 14:10 ( A second study investigated the suitability of D. evanescens to support C. flavipes for Þve successive generations. The same procedures for rearing the parasitoids were repeated for this study; however, 30-ml plastic cups with 10 ml of diet in each cup were used. Parasitoids from the proceeding generation were used as the source for the subsequent generation. Mean number of days to pupation and mean parasitoid clutch weight were compared across generation by using the linear regression analysis in Microsoft OfÞce Excel 2007 (Microsoft Corporation, Redmond, WA) at P ϭ 0.05.
Parasitism in Wild Host Plants by C. flavipes. Three greenhouse evaluations were conducted investigating parasitism of D. saccharalis by C. flavipes on johnsongrass and vaseygrass. On 7 April 2005, 13 johnsongrass and 13 vaseygrass plants were Þeld collected and transplanted into 20-cm-diameter plastic pots containing a commercial potting mixture (Redi-Earth Plug and Seeding Mix, SunGro Ltd., Vancouver, BC, Canada). When plants were Ϸ30 cm tall, one or two stems from each pot were chosen for infestation with a third-instar D. saccharalis larva. Each larva was placed into a 1.5-ml microcentrifuge tube (Seal-Rite, USA ScientiÞc, Inc., Ocala, FL) with the tip removed. The tube was taped to a stem and the larva allowed to tunnel into the stem, which occurred within a few hours. A clutch of Ϸ50 C. flavipes cocoons was suspended from the plant that then was covered with a cellulose nitrate cage that was modeled after those used by Starks and Burton (1977) . After 10 d, the infested stem was removed and dissected to remove each larva. The larvae were placed on diet and held for observation. For the Þrst evaluation we only determined the percentage of larvae that were parasitized. The trial was repeated on 20 June 2005, but this time we also determined weight of cocoon mass and number of cocoons per clutch. We again repeated the study on 1 April 2006, but made multiple and repeated infestations of each plant, but we did not count the number of cocoons per clutch. Because of inconsistencies in data collection methods we considered the evaluations independent of one another. Therefore, a two sample paired t-test (PROC MEANS; SAS Institute 2003 v9.0; SAS Institute, Cary, NC) was used to test if the difference in mean cocoon mass weight and number of cocoons per clutch from the two hosts were signiÞcantly different than zero (P ϭ 0.05) within a given year.
Host refuges of Noncrop Species and Energy Canes. From 2006 until 2008, six refuge plots consisting of johnsongrass, vaseygrass, and two energy sugarcanes were established adjacent to a sugarcane Þeld to evaluate the potential of these grasses to serve as hosts for D. saccharalis and D. evanescens until the neighboring sugarcane crop developed above-ground internodes. The Þrst three refuges, each one consisting of pure stands of johnsongrass, vaseygrass, and energy sugarcane (F 1 hybrid of S. spontaneum ϫ a commercial Saccharum spp. cultivar) were planted 9 September 2006. Forty-nine plants of each host species were planted on 61-cm centers producing an 18-m 2 plot of each host species. Plants of all three species originated from vegetative cuttings established in the greenhouse. Using the same procedures, on 28 May 2008 a second set of three refuge plots were planted. The energy sugarcane used for this planting was a putative Miscanthus ϫ Saccharum spp. hybrid.
The refuge plots were managed to maintain vigorous stands of each host plant and to ensure optimum opportunity for hosts and parasitoids to become established. Once per year each refuge plot was fertilized with a complete fertilizer mixture. Competition from other weed species was minimized by hand weeding when required. Refuges were treated with either a hydramethylnon ant bait (BASF, Research Triangle Park, NC) or a hydramethylnon plus methoprene ant bait (Wellmark International, Schaumberg, IL) to suppress Þre ants. Three infestations of vaseygrass plants were made with laboratory reared D. evanescens larvae by using a camel-hair brush. Four infestations in johnsongrass, vaseygrass, and energy sugarcane were made with D. saccharalis. These larvae were placed on plants by using either a camel-hair brush or with a hand-held inoculator known as a bazooka (Wiseman et al. 1980 ). Numerous yearly releases of C. flavipes cocoons (Ϸ 4,500) were made in the refuges again using the procedures of White et al. (2004) . One release of C. flavipes was made in 2006, six releases were made in 2007, and four in 2008. Throughout the period of time that refuges were maintained, surveys were conducted within 2 wk of parasitoid release to collect both stem borers. No prescribed sample size was used, but the sample was sufÞcient to satisfy the need for a thorough search. Any borers collected were placed on diet to determine if they had been parasitized. Maintenance of the refuges ceased in 2008. In 2009, the sugarcane contiguous to the refuges was surveyed weekly for Þrst-generation sugarcane borer. All larvae that were collected were brought to the laboratory and placed on diet and observed for parasite emergence. This process was continued until the neighboring sugarcane developed above-ground internodes (15 June).
Results
Parasitism and searching in Young Sugarcane by C. flavipes. From 65 Þeld cages established during three trapping periods, 207 sugarcane borer larvae were collected from 41 cages, of which 64 (30%) were parasitized by C. flavipes. Although we construed this level of parasitism as low, it is higher than an anticipated level of near zero assuming that C. flavipes is unable to access larvae at this growth stage. An additional Þve larvae collected from release cages were parasitized by A. stigma and another larva collected was parasitized by L. diatraeae. These larvae were most likely parasitized before the placing of the cages into the Þeld. Twenty-four cages (37%) produced no larva although deadhearted tillers were present before establishing a cage. The most likely reason for not recovering larvae is cutting the deadhearted tiller too high, that is, cutting above the apical meristem. It was essential to cut the tiller below the apical meristem, which can be 10 Ð15 cm below the soil surface. If not, the larva was likely to be missed. This point illustrates the depth below the soil surface that the parasitoid must negotiate if it is to access larvae.
Evaluation of D. evanescens as an Alternative Host for C. flavipes. SigniÞcant differences were detected between the two borer species as a host for C. flavipes for a number of life table parameters (Table 1) . Parasitism was signiÞcantly less (F ϭ 6.93; df ϭ 1, 14; P ϭ 0.02) on D. evanescens as was the percent of parasitoids a Means (Ϯ SE) within a column followed by a different letter for each year are statistically different using the Saxton mean separation procedure (Saxton 1998) at P Ͻ 0.05. that completed development and emerged (F ϭ 54.67; df ϭ 1, 318; P ϭ 0.01). Cocoon mass weight was signiÞcantly lower (F ϭ 270.76; df ϭ 1, 318; P ϭ 0.01). Parasitoids required signiÞcantly more time (F ϭ 43.35; df ϭ 1, 318; P ϭ 0.01) before pupating when reared from D. evanescens than when reared from D. saccharalis, and produced signiÞcantly fewer (F ϭ 109.91; df ϭ 1, 318; P ϭ 0.01) parasitoids per clutch. Rearing C. flavipes on D. evanescens for Þve consecutive generations did not result in a change in the number of days until cocoon development or mean cocoon mass weight as the slopes of their respective linear models did not differ signiÞcantly from zero (F ϭ 0.86; df ϭ 1; P ϭ 0.36 and F ϭ 1.14; df ϭ 1; P ϭ 0.29), respectively (Fig. 2) . Also, the proportion of exposed larvae producing cocoons remained constant across the Þve generations (data not shown).
Parasitism in Wild Host Plants by C. flavipes. No signiÞcant differences in cocoon mass were observed in evaluation 2 (t ϭ 1.608; df ϭ 11; P ϭ 0.93), or evaluation 3 (t ϭ Ϫ1.939; df ϭ 55; P ϭ 0.97) ( Table 2) , although the number of C. flavipes emerging per cocoon mass from the two host also was not signiÞcant (evaluation 2: t ϭ 1.609; df ϭ 11; P ϭ 0.93).
Host Refuges of Noncrop Species and Energy Canes. We anticipated that C. flavipes would be able to sustain itself on larval hosts established in two abundant noncultivated host plants found in the sugarcane ecosystem (i.e., johnsongrass and vaseygrass). Surprisingly this was not the case. In spite of repeated artiÞcial infestations with laboratory reared D. saccharalis during a 3-yr period, we recovered only a few (Ͻ10) D. saccharalis larvae. This is also the case with the energy sugarcanes, which proved equally difÞcult to establish D. saccharalis. In contrast, D. evanescens was readily collected from vaseygrass. Roughly 4,500 parasitoids were released in the refuge plots during this time, but only one parasitized sugarcane borer larvae was recovered from johnsongrass in 2007 and none from vaseygrass.
Discussion
Results from cage studies show that C. flavipes is able to parasitize sugarcane borer larvae in young sugarcane, although that level of parasitism is low (e.g., 30%). This Þnding suggests that a lapse in synchronization between host plant development and parasite searching behavior, although important, may be less of a contributing factor in our failure to establish C. flavipes than initially thought. Possibly our release strategy was ßawed and additional research in the area of optimal release strategies is warranted. Grevstad (1999) and Shea and Possingham (2000) provide excellent models for determining the best release approach for introducing a new biological control agent (e.g., few large releases, many small releases, or a mixed strategy). In Louisiana we generally followed a strategy of many small releases. Grevstad (1999) reported that small populations are more likely than large ones to be reduced by environmental variability to a level where persistence is at risk. Unfortunately, even an initially large population could drift to extinction if a low carrying capacity maintains the population at a vulnerable size (Grevstad 1999) . Low D. saccharalis populations in the spring (i.e., in 2010, a survey of 50 sugarcane Þelds produced a Þrst generation population averaging only two larvae ha Ϫ1 ) coupled with high Þre ant predation suggests a low carrying capacity of parasitoids at this time of the crop cycle.
A bridging host species could provide the solution to overcoming a vulnerable founder population or overwintering population. However, in Louisiana where much of the sugarcane crop is grown in a monoculture, only the stem borer D. evanescens exists in numbers sufÞcient to be considered for this role. However, in Louisiana D. evanescens is only found in vaseygrass, but it has been reported in sugarcane in Florida (Hall 1988 Habitat manipulation also has been used successfully to promote alternative prey or hosts to bridge a period when target preys may not available. In our greenhouse studies we forced third instar D. saccharalis larvae to accept johnsongrass and vasseygrass by restricting them to the stalk by using a microcentrifuge tube. These larvae readily tunneled into the host plant and were parasitized readily by C. flavipes. However, this technique produced unwarranted high expectations as placing Þrst-instar D. saccharalis larvae onto these same weed species in the Þeld refuges resulted in no establishment, regardless of the infestation procedure used (e.g., with a camel hair brush or the bazooka). These results down-play the role that noncultivated hosts play in the population build-up and overwintering of D. saccharalis, a conclusion shared by other researchers . This contrasts to D. evanescens that readily established in our vaseygrass refuges.
We remained optimistic that a novel association with D. evanescens could be established and serve as a bridging species as this stem borer quickly became established in our vaseygrass refuges. Our laboratory experiment showed that D. evanescens is acceptable to the female parasitoid for ovipostion and is suitable for parasitoid development; thus, fulÞlling two of six requirements for successful parasitism as outlined by Smith et al. (1993) . However, a third requirement, host Þnding, did not occur as no parasitized D. evanescens were recovered. A possible explanation may be that the larvae of D. evanescens move up the stem from the crown of the plant resulting in a dead shoot, but no clearly deÞned entrance hole in the stem.
Detailed plant inspections to locate the site of oviposition and initial neonate behavior would be necessary to conÞrm this hypothesis. The restricted access to the larvae by C. flavipes because of its ingress and sting strategy eliminates a role that D. evanescens may play as a bridging-host in the Louisiana sugarcane acroecosystem.
We conclude that it is unlikely that C. flavipes will become established in the Louisiana sugarcane ecosystem as experiments in host plant manipulation and establishing a bridging species have been unsuccessful. Seasonal augmentative releases of the parasitoid would be the best application of C. flavipes as a biocontrol agent in Louisiana as we have obtained very high levels of parasitism in mature sugarcane, in excess of 50% (White and Reagan 1999) . However, that approach is as likely to be as cost prohibitive in sugarcane as it has been shown in rice (Lv et al. 2011) . Future area-wide plantings of high-Þber sugarcane for energy production may provide a functioning bridging host-plant species. If an industry develops around cellulosic production of ethanol, large plantings of high-Þber sugarcanes are anticipated for use as feedstock. These plantings may provide refuge sites for overwintering C. flavipes as this material will be left in the Þeld for extended periods. That is, the crop will be left standing in the Þeld until that point that it is needed for processing rather than being harvested and stored elsewhere; thereby, extending the period of time that hosts with above-ground internodes are present. However, these high Þber sugarcanes may express high levels of resistance to D. saccharalis as we saw in our refuge studies, although recent data suggests that some putative energycane cultivars are susceptible to stem borer injury loss (Way et al. 2009 ).
The introduction of another species from the larval parasitoid guild may be a viable option. Parallorhogas pyralophagus (Marsh) (Hymenoptera: Braconidae) employs a drill-and-sting strategy rather than the ingress-and-sting strategy of C. flavipes (Smith et al. 1993 ). This parasitoid may be able to successfully attack D. saccharalis larvae behind leaf-sheaths before they tunnel into the stalk and also attack any larvae encountered in small stemmed grass species. This parasite would have the added beneÞt of controlling the Mexican rice borer, Eoreuma loftini (Dyar) (Lepidoptera: Crambidae) that has now become established in Louisiana, but not yet in sugarcane (Hummel et al. 2010) . However, larvae tunneling deep into the sugarcane stalk are parasitized less as the femaleÕs ovipositor is too short to reach these larvae (Hawkins et al. 1987) . Parallorhogas pyralophagus may be more effective in controlling E. loftini in small-stemed noncrop grass species. These noncrop species have been shown to play an important role in the area-wide increase of this stem borer ) and therefore would provide an ideal habitat for successful overwintering by the parasitoid.
